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structure is of paramount importance in this process. For instance, the sandwich-like graphene/carbon nanotube (CNT) hybrids fabricated by in situ growth methods exhibit a much better performance than those produced by direct mixing. [ 16 ] For MXenes, a simple, scalable, and effective hierarchical structure is required to fully utilize these materials' potential, for the purpose of practical applications. However, no MXene-based composites of any kind have been reported in the literature so far.
In this contribution, we propose a simple route for the fabrication of fl exible, sandwich-like MXene/CNT composite paper electrodes through alternating fi ltration of MXene and CNT dispersions. Films containing onion-like carbon (OLC) and reduced graphene oxide (rGO) were also fabricated and compared with those with CNTs. The sandwich-like electrodes exhibited signifi cantly improved electrochemical performance compared to those of pure MXene and randomly mixed MXene/CNT papers. Figure 1 a schematically illustrates the procedure used herein to prepare sandwich-like MXene/CNT composite electrodes. First, a thin continuous layer of MXene fl akes is formed by vacuum-assisted fi ltration of a colloidal solution containing delaminated suspended Ti 3 C 2 T x fl akes, then a CNT layer is deposited on top of it, and the process is repeated several times in an alternating manner to produce composite paper electrodes. For the sake of comparison, a randomly mixed MXene/CNT assembly was prepared by direct vacuum-assisted fi ltration of mixed MXene and CNT dispersions (Figure S1, Supporting Information).
All as-fabricated MXene/CNT fi lms are easily detachable from the fi lter membranes, resulting in large, free-standing papers, with thicknesses ranging from 2 to 3 µm (Figure 1 b) . Additionally, these papers were easily wrapped around glass rods, 5 mm in diameter, without noticeable damage to their structure, indicating their fl exibility and durability (Figure 1 c) .
Typically, MXene surfaces are terminated by O, OH, and/ or F groups, which is why they are usually referred to as M n + 1 X n T x , where M is an early transition metal, X is C and/or N, T represents terminating groups (O, OH, and/or F), n = 1, 2, or 3, and x is the number of terminating groups. [ 9, 11 ] So far, the MXene family includes Ti 2 CT x , (Ti 0.5 ,Nb 0.5 ) 2 CT x , [ 10 ] Nb 2 CT x , V 2 CT x , [ 8 ] Ti 3 C 2 T x , (V 0.5 ,Cr 0.5 ) 3 C 2 T x , Ti 3 CNT x , Ta 4 C 3 T x , [ 10, 11 ] and Nb 4 C 3 T x . [ 7 ] Here, Ti 3 C 2 T x was selected to fabricate the MXene/CNT composite paper because its synthesis and delamination conditions are well known. [ 9, 11 ] Both single-walled and multi-walled CNTs (SWCNTs and MWCNTs) were employed ( Figure S2 , Supporting Information). In order to minimize the capacitive contributions from the CNTs and their effect on the MXene paper's density, the CNT content was limited to 5 wt%. As Electrochemical capacitors have been attracting attention because of their high power densities and long cycle lives. [ 1 ] With increasing demand for portable and wearable electronics, recent research has focused primarily on improving the energy density per unit of volume of electrochemical capacitors. [ 2, 3 ] However, the volumetric capacitances of carbon-based electrodes is limited at around 60 F cm −3 for commercial devices, and at best in the range of 300 F cm −3 for low-density porous carbons (<0.5-1 g cm −3 ). [3] [4] [5] Although extremely high capacitances of 1000-1500 F cm −3 can be achieved for hydrated ruthenium oxide, RuO 2 , its high cost limits its wide-spread applications. [ 6 ] MXenes, a novel family of two-dimensional (2D) metal carbides, [7] [8] [9] [10] [11] have demonstrated their potential as promising electrode materials for Li-ion batteries [ 8, 12, 13 ] and supercapacitors, [ 14 ] with volumetric capacitance exceeding all carbon materials. The electrochemical performance of multi-stacked MXenes can be further improved when they are delaminated and assembled into fl exible and free-standing papers. However, the restacking of the ≈1 nm-thin MXene fl akes during paper production limits the accessibility to electrolyte ions, hindering the full utilization of their surfaces. One straightforward strategy that has been extensively investigated for improving the electrochemical performance of 2D nanomaterials is introducing interlayer spacers. For instance, in the case of graphene, the incorporation of zerodimensional (0D) nanoparticles (NPs), [ 15 ] one-dimensional (1D) nanotubes/nanowires, [ 16, 17 ] and 2D nanosheets [ 18 ] between the graphene layers has been shown to prevent the restacking of the latter, leading to greatly improved performance in supercapacitors, Li-ion, and Li-S batteries. Notably, a well-designed noted above, the Ti 3 C 2 T x multilayer particles were delaminated before mixing with the CNTs. The latter have lateral dimensions ranging from hundreds of nanometers to several micrometers and thicknesses from one (single-layer MXene) to several (fewlayer MXene) nanometers ( Figure 2 a,b). Table 1 summarizes the c -lattice parameters ( c -LPs), densities, and conductivities of samples tested herein. From these results, it is clear that, with a density of 3.2 g cm −3 , pristine, free-standing Ti 3 C 2 T x paper is the most compact. This hinders full access of the electrolyte ions between the Ti 3 C 2 T x fl akes, which in turn limits its electrochemical performance (Figure 2 c). The anticipated increase in spacing between the Ti 3 C 2 T x fl akes was observed after the incorporation of the CNTs into the Ti 3 C 2 T x papers ( Figure 2 d,e, Figure S3 , Supporting Information). Compared with the randomly mixed MXene/CNT composites ( Figure S3 , Supporting Information), the sandwich-like paper possessed a more ordered structure, in which the sandwich-like superposition of the MXene and CNT layers can be clearly seen (Figure 2 f) .
Notably, the X-ray diffraction (XRD) patterns revealed an increase in the c -LP of the MXenes, which is related to the distances between Ti 3 C 2 T x layers, after the incorporation of CNTs into the MXene papers ( Figure S4 , Supporting Information and Table 1 ). The (0001) peak in the XRD pattern of Ti 3 C 2 T x paper shifted from 7.4° to 6.5° for the sandwich-like Ti 3 C 2 T x /SWCNT paper, indicating an increase in c -LP from 24.1 to 26.7 Å. [ 12 ] The mixed Ti 3 C 2 T x /SWCNT paper possessed a similar c -LP (26.9 Å) as that of the sandwich-like structure. The c -LPs for the mixed and sandwich-like Ti 3 C 2 T x /MWCNT papers further increased to 28.4 and 28.5 Å, respectively. Such a small increase in the c -LPs (<5 Å) cannot be a result of CNT intercalation between Ti 3 C 2 T x layers. However, we still can conclude that the incorporation of CNTs into Ti 3 C 2 T x paper not only provided additional and faster diffusion paths for electrolyte ions, but also led to enlarged interlayer space between the Ti 3 C 2 T x fl akes for cation intercalation. Therefore, the Ti 3 C 2 T x /CNT composite papers were expected to exhibit an improved rate performance, when employed as supercapacitor electrodes. 
COMMUNICATION
To evaluate the electrochemical performance of the Ti 3 C 2 T x and Ti 3 C 2 T x /CNT papers, they were tested as working electrodes in 1 M MgSO 4 aqueous electrolyte solution using a three-electrode asymmetrical setup with an Ag/AgCl reference electrode. MgSO 4 is a benign and inexpensive neutral electrolyte that provides a broader voltage window compared to KOH. However, it has a rather low conductivity (51 mS cm −1 ) and a stronger decline in capacitance at high rates compared with KOH. [ 14 ] Thus, the improvement in the electrochemical and rate performances was anticipated to be more dependent on the electrode composition and its structure.
The cyclic voltammograms (CVs) of the composites and pristine Ti 3 C 2 T x MXene electrodes are shown in Figure 3 a,b. From these results, it is clear that the shape of the CV profi les at 20 mV s −1 for all Ti 3 C 2 T x /CNT papers is more rectangular compared with that of the pure Ti 3 C 2 T x paper electrodes, indicating improved capacitive behavior and decreased resistance. It is worth noting that for both MWCNT-and SWCNTcontaining composites, the electrochemical performance of the sandwich-like Ti 3 C 2 T x /CNT papers was slightly better than that of the randomly mixed ones. A similar trend was also observed in the rate performances of these electrode materials (Figure 3 c and Figure S5 , Supporting Information). All the Ti 3 C 2 T x /CNT papers exhibited signifi cantly higher gravimetric capacitances and better rate performances than pure Ti 3 C 2 T x papers; the best values were obtained from the sandwich-like papers. A capacitance of 150 F g −1 was achieved for the Ti 3 C 2 T x /MWCNT papers at 2 mV s −1 . Even at a rate of 200 mV s −1 , a capacitance of 117 F g −1 was measured, which is about 130% higher than that of Ti 3 C 2 T x paper at the same rate.
Although the density of the electrodes decreased slightly with the incorporation of the CNTs (Table 1 ) , higher volumetric capacitances were still obtained for the sandwichlike Ti 3 C 2 T x /CNT electrodes, especially at high scan rates. At 2 mV s −1 , a maximum volumetric capacitance value of 390 F cm −3 was achieved for the sandwich-like Ti 3 C 2 T x / SWCNT electrodes. At a scan rate as high as 200 mV s −1 , the volumetric capacitances of the sandwich-like MWCNT-and SWCNT-containing papers were 250 and 280 F cm −3 , respectively, which are 55% and 75% higher than those of the pure Ti 3 C 2 T x electrodes.
These results demonstrate a signifi cant improvement in volumetric capacitance and excellent rate performance of the sandwich-like Ti 3 C 2 T x /CNT electrodes. This improvement can be partially attributed to the fact that the electrical conductivities of the sandwich-like structures are better than those of both the pure Ti 3 C 2 T x paper and the mixed assemblies (Table 1 ) . For instance, at 385 S cm −1 , the conductivity of the sandwich-like Ti 3 C 2 T x /SWCNT paper was higher than the 123 S cm −1 of pure Ti 3 C 2 T x or 286 S cm −1 of the randomly mixed Ti 3 C 2 T x /SWCNT papers. The same is true for the Ti 3 C 2 T x /MWCNT composite paper.
The galvanostatic cycling performance for the sandwich-like Ti 3 C 2 T x /CNT papers is shown in Figure 3 e,f. The sandwich-like Ti 3 C 2 T x /SWCNT paper yielded a volumetric capacitance around 345 F cm −3 at 5 A g −1 , with no degradation after 10 000 cycles. For the sandwich-like Ti 3 C 2 T x /MWCNT paper, a volumetric capacitance of 300 F cm −3 was achieved even at current densities as high as 10 A g −1 . Moreover, this value increased even further to around 350 F cm −3 after 10 000 cycles. This increase in capacitance can be attributed to the gradually improved accessibility of slit pores between MXene fl akes during cycling. [ 14 ] Said otherwise, even in this architecture, there is room for further improvement.
As noted above, sandwich-like architectures -composed of 1D and 2D nanomaterials, typically fabricated using layerby-layer (LbL) assembly processes -have been demonstrated to generate excellent electrochemical performances. [ 19, 20 ] The same is true herein; all the results show that the sandwichlike architecture results in electrode materials with high volumetric capacitances, good rate performances, and excellent cycling stabilities. The volumetric capacitances in the sandwich-like Ti 3 C 2 T x /CNT paper are signifi cantly higher than those from carbon-based electrodes, such as activated carbons (60-100 F cm −3 ), [ 4, 21 ] carbide-derived carbons (180 F cm −3 ), [ 22 ] graphene-based electrodes (≈260 F cm −3 ), [ 3 ] and graphene/ CNT nanocomposites (165 F cm −3 ), [ 5 ] especially at high rates. LbL assembly is the most developed technique for sandwichlike assembly of nanomaterials. [ 19, 20 ] Here, the method of alternating fi ltration of colloidal solutions was used, which does not require functionalization of the materials. Besides, fi lms of several micrometers in thickness could be fabricated in tens of minutes -much faster than in the conventional LbL process. [ 23 ] Our method is thus simpler and faster, yet more effective, compared with LbL, [ 20, 23, 24 ] even though LbL deposition may lead to more controlled structures and provide further improvements in properties of MXene-based nanocomposites. Spray deposition may also be used to produce similar fi lms in large scale and with a larger thickness. [ 25 ] To demonstrate the generality of our alternating fi ltration method to produce sandwich-like structures with impressive electrochemical energy-storage characteristics, sandwichlike assemblies of Ti 3 C 2 T x fl akes with 0D OLC and 2D rGO ( Figure S6 , Supporting Information) were prepared and tested. As shown in Figure 4 a,b , both sandwich-like Ti 3 C 2 T x /OLC and Adv. Mater. 2015, 27, 339-345 www.advmat.de www.MaterialsViews.com (Table 1 ) . The CV plots of these materials are shown in Figure 4 c. Although a higher capacitance was achieved for the sandwich-like Ti 3 C 2 T x /OLC electrodes, the shapes of their CV profi les were comparable with those of their pure Ti 3 C 2 T x counterparts (Figure 4 c) . This can be explained by the fact that the OLCs Adv. Mater. 2015, 27, 339-345 www.advmat.de www.MaterialsViews.com only served as spacers between Ti 3 C 2 T x fl akes, yet their small quantity (5 wt%) was not enough to create a proper conductive network between the Ti 3 C 2 T x layers to improve the conductivity of the composite paper (88 S cm −1 , Table 1 ). Similar to CNTs, rGO can easily form a conductive network and enlarge the interlayer space between Ti 3 C 2 T x fl akes simultaneously. As a result, the sandwich-like Ti 3 C 2 T x /rGO electrodes possessed a signifi cantly higher capacitance and more rectangular-shaped CV profi les (Figure 4 c,d) .
These observations were further confi rmed by the excellent rate performance of these materials shown in Figure 4 d. Compared with pure Ti 3 C 2 T x , the sandwich-like Ti 3 C 2 T x /OLC electrodes possessed slightly higher volumetric capacitances, without signifi cant improvement in their rate performances. However, both the capacitive and rate performances were signifi cantly improved for the sandwich-like Ti 3 C 2 T x /rGO papers. A high volumetric capacitance of 435 F cm −3 was obtained at 2 mV s −1 . When the scan rate was increased to 200 mV s −1 , the capacitance dropped by 26% to 320 F cm −3 . Furthermore, the sandwich-like Ti 3 C 2 T x /rGO electrodes also exhibited excellent cycling stability. At 10 A g −1 , their volumetric capacitance increased from 340 to 370 F cm −3 over 10 000 cycles. The comparison of the electrochemical impedance spectroscopy (EIS) results of the tested materials is shown in Figure 4 f and Figure S7 (Supporting Information). It further confi rms the signifi cantly reduced resistivity for the sandwich-like Ti 3 C 2 T x / nanocarbon composites compared with that of the Ti 3 C 2 T x papers, with the Ti 3 C 2 T x /CNT composites showing the highest conductivity.
In summary, we have developed a simple, alternating fi ltration method to achieve the sandwich-like assembly of MXenes and CNTs from aqueous suspensions. The resulting MXene/ CNT papers are free-standing and highly fl exible. When employed as electrode materials in supercapacitors, the sandwich-like MXene/CNT papers exhibited signifi cantly higher volumetric capacitances and excellent rate performances compared with pure MXene and randomly mixed MXene/CNT papers. A high volumetric capacitance of 390 F cm −3 was measured for the sandwich-like MXene/SWCNT papers at a scan rate of 2 mV s −1 . At 5 A g −1 , the sandwich-like MXene/CNT paper exhibited a volumetric capacitance around 350 F cm −3 , with no degradation after 10 000 cycles. The performances reported here can certainly be improved further by optimizing the structure of the composites, such as the MXene compositions, the MXene to CNT mass ratios, and the thicknesses of MXene and CNT layers.
The properties of these sandwich-like MXene/CNT papers, such as good electrical conductivities, high surface areas accessible to ions and mechanical robustness, suggest their promising applications in other electrochemical energy storage and generation devices, including Li-ion batteries and fuel cells as well as desalination systems and electrochemical actuators. Furthermore, the strategy proposed in this work was also applied for 0D OLCs and 2D rGO, leading to the formation of fl exible and free-standing sandwich-like MXene/OLC and MXene/rGO papers also with impressive electrochemical performance. The sandwich-like MXene/rGO papers yielded a high volumetric capacitance of 435 F cm −3 and exhibited excellent cycling stability.
Experimental Section
Materials Preparation : The Ti 3 AlC 2 MAX phase was prepared by mixing commercial Ti 2 AlC powders (Kanthal, Sweden) with TiC in a 1:1 molar ratio by ball milling for 18 h. The mixture was then heated to 1350 °C at 5 °C min −1 in a tube furnace under fl owing Ar. The resulting, lightly sintered, brick was ground with a TiN-coated milling bit and sieved through a 400 mesh sieve to produce powder in which the particle size was <38 µm.
Multilayer Ti 3 C 2 T x particles were prepared by treatment in 50 wt% aqueous HF solution (Fisher Scientifi c, Fair Lawn, NJ, USA) to extract Al from the Ti 3 AlC 2 particles. [ 9 ] The colloidal solution of delaminated Ti 3 C 2 T x dispersion was prepared by the sonication of dimethyl sulfoxide (DMSO)-intercalated multilayer Ti 3 C 2 T x powders in DI water, followed by centrifuging at 3500 rpm for 1 h and collecting the supernatant. [ 12 ] The concentration of Ti 3 C 2 T x fl akes in the colloidal solution was measured to be 0.68 mg mL −1 .
The MWCNTs were prepared through a fl oating catalyst chemical vapor deposition (CVD) method. [ 26 ] The SWCNTs were prepared by the CVD of methane on Fe/MgO catalysts, and purifi ed by HCl washing. [ 27 ] OLCs were made by annealing a nanodiamond precursor (UD90 grade, SP3 Diamond Technologies, USA) at 1800 °C in a vacuum of ≈10 −6 Torr for 3 h in a custom-made vacuum furnace (Solar Atmospheres, USA). [ 28 ] The rGO was prepared by the hydrazine reduction of graphene oxide (GO) made by a modifi ed Hummers method. [ 29 ] In a typical run, 0.5 mL of hydrazine hydrate was added into a 50 mL of GO aqueous solution. The latter was refl uxed at 100 °C for 12 h to obtain a rGO suspension. The MWCNTs and SWCNTs dispersions were prepared by sonication in deionized water for 30 min with the assistance of sodium dodecylsulphate (99.5%, Fisher Scientifi c, Fair Lawn, NJ, USA). The dispersions of OLCs and rGO were prepared by directly sonicating the materials in deionized water for 30 min. The concentration of these nanocarbons in their dispersions was controlled at 0.036 mg mL −1 . The details for the material preparation are available in the related references.
Sandwich-Like Assembly of MXene/CNT Papers : Sandwich-like MXene/MWCNT papers were prepared using an alternating fi ltration method. Specifi cally, a 1 mL Ti 3 C 2 T x dispersion was fi ltered through a polypropylene membrane (3501 Coated PP, Celgard LLC, Charlotte, NC) to yield a thin Ti 3 C 2 T x layer. Then, 1 mL of the MWCNT dispersion was fi ltered on the top of the Ti 3 C 2 T x layer. After that, another 1 mL of the Ti 3 C 2 T x dispersion was fi ltered on the top of MWCNT layer to form a sandwich-like structure. This alternate fi ltration was repeated several times to yield composite fi lms composed of 6-10 alternating Ti 3 C 2 T x and MWCNTs layers. The composite fi lm was then dried in air at room temperature and peeled off from the polypropylene membrane, yielding free-standing sandwich-like MXene/MWCNT paper. The sandwich-like MXene/SWCNT, MXene/OLC, and MXene/rGO papers were prepared through a similar process.
Structural Characterizations : The morphology of the samples was characterized using a scanning electron microscope (SEM) (Zeiss Supra 50VP, Germany) and a transmission electron microscope (TEM) (JEOL JEM-2100, Japan) using an accelerating voltage of 200 kV. The TEM samples were prepared by dropping several drops of the sample dispersion onto a copper grid and dried in air.
The electrical conductivities of the samples were measured using a four-point probe (ResTest v1, Jandel Engineering Ltd., Bedfordshire, UK) with a probe distance of 1 mm. The XRD patterns were recorded by a powder diffractometer (Rigaku Smart Lab, USA) with Cu K α radiation at a step rate of 0.2° min −1 and 0.5 s dwelling time.
Electrochemical Measurements : The electrochemical measurements were performed in three-electrode Swagelok cells, where the MXenebased papers served directly as the working electrodes, over-capacitive activated carbon fi lms were used as the counter electrodes, and Ag/AgCl in 3 M KCl served as the reference electrode. Polypropylene membranes were employed as the separators, and a 1 M MgSO 4 aqueous solution was used as the electrolyte. CV, galvanostatic cycling, and EIS were performed using a VMP3 potentiostat (Biologic, France). The CVs were recorded using scan rates ranging from 2 to 200 mV s −1 . The specifi c
